Abstract. Vascular calcification (VC) is widely considered to be a crucial clinical indicator of cardiovascular disease. Recently, certain properties of mesenchymal stem cells (MSCs) have been hypothesized to have potential in treating cardiovascular diseases. However, their effect on the initiation and progression of VC remains controversial. The present study aimed to investigate whether MSCs indirectly mediate VC and their impact on the Wnt signaling pathways. A Transwell system was selected to establish the indirect co-culture environment, and hence, vascular smooth muscle cells (VSMCs) were indirectly co-cultured in the presence or absence of MSCs at a ratio of 1:1. Osteogenic medium (OS) was added to imitate a calcifying environment. Fourteen days later, VSMCs in the lower layers of the Transwell plates were harvested. Alkaline phosphatase activity and calcium nodules were markedly increased in calcific VSMCs induced by OS. However, these parameters were significantly decreased in VSMCs by indirectly co-culturing with MSCs in the same medium. Furthermore, the messenger RNA expression levels of osteopontin and osteoprotegerin were notably increased in VSMCs cultured in OS, but reduced by indirect interaction with MSCs. In addition, the activities of canonical and noncanonical Wnt ligands, wingless-type MMTV integration site family, number 5A (Wnt5a), receptor tyrosine kinase-like orphan receptor 2 (Ror2) and β-catenin, which are important in the process of VC, were downregulated by indirect contact with MSCs in OS. Thus, indirect co-culture with MSCs inhibits VC and downregulates the Wnt signaling pathways.
Introduction
Vascular calcification (VC) is associated with aging, hypertension, diabetes, chronic kidney diseases (CKD) and cardiovascular diseases (1, 2) . Furthermore, it is a crucial risk factor, contributing to increased rates of cardiovascular morbidity and mortality worldwide (1, 2) . Increasing evidence indicates that VC is an actively regulated process, similar to bone formation, including deposition of minerals in the vessel wall, and that vascular smooth muscle cells (VSMCs) undergo osteogenic differentiation with production of bone-associated biomarkers, such as osteopontin (OPN) and osteoprotegerin (OPG), are key in VC (3) (4) (5) (6) . Therefore, considering its clinical significance and complex underlying mechanisms, it is important to develop novel and efficient therapeutic strategies for preventing and inhibiting VC.
Mesenchymal stem cells (MSCs) that are extracted from bone marrow are defined as multipotent cells due to their ability to differentiate into various cell types, including VSMCs in certain conditions; however, their immunomodulatory and paracrine capabilities may present the greatest potential for therapeutic function in response to local environmental cues (7) (8) (9) . Previous studies have been conducted to elucidate the two characteristics of MSCs for their application in cardiovascular disease therapy (10) . Although this cell population promotes VC by differentiating into osteogenic cells in direct contact with calcified cells (11) , their most notable therapeutic impacts are vascular regeneration and injury healing (12, 13) . Additionally, MSCs promote angiogenesis via a paracrine mechanism in vivo and in vitro (12, 14) . Therefore, it is important to analyze the anti-inflammatory, immunomodulatory and paracrine properties of MSCs on the process of VC using a cell-cell indirect co-culture system.
Wingless-type MMTV integration site family (Wnt) ligands encode highly conservative cysteine-rich, secreted glycoproteins and function via the activation of two intracellular signaling pathways described as canonical (β-catenin dependent) and noncanonical (β-catenin independent) signaling pathways (15) . Activation of Wnt/β-catenin signaling pathways is key in promoting VC by stimulating smooth muscle cell (SMC) differentiation into osteoblast-like cells (15, 16) . Receptor tyrosine kinase-like orphan receptor 2 (Ror2) is an orphan receptor tyrosine kinase that regulates osteoblastic cell proliferation and differentiation together with the Wnt/β-catenin signaling pathway (17, 18) . Additionally, noncanonical wingless-type MMTV integration site family, number 5A (Wnt5a) activates Wnt/Ror2 signaling, and enhances Wnt/β-catenin signaling during MSC osteogenic differentiation (19, 20) . Furthermore, a previous study indicated that increased expression of Wnt5a was correlated with VC (11) . Although the cooperation among the Wnt/Ror2 and Wnt/β-catenin signals during VC remain to be elucidated, previous studies have suggested that the Wnt signaling pathways, composed of Wnt5a and β-catenin or Ror2, may control the development of VC by regulating cell proliferation, differentiation and apoptosis.
The present study aimed to investigate whether MSCs prevent osteogenic differentiation and inhibit the development of VC in VSMCs. The effects of indirect co-culturing of MSCs with VSMCs in an OS medium on the modulation of bone-associated biomarkers and the Wnt signaling pathways were evaluated using a Transwell insert system, in vitro.
Materials and methods
Rat bone marrow MSC isolation and culture. Bone marrow MSCs were isolated from male rats (age, 3 weeks; Animal Center, Tongji Medical College, Wuhan, China) by whole marrow direct adherence (21) . Rats were housed together, fed a normal diet and maintained under a light/dark cycle. The adherent cells were cultured in complete medium containing Hyclone 90% low glucose Dulbecco's modified Eagle's medium (L-DMEM; GE Healthcare Life Sciences, Logan, UT, USA), Gibco 10% fetal bovine serum (FBS; Thermo Fisher Scientific, Inc., Waltham, MA, USA), 100 U/ml penicillin and 100 U/ml streptomycin (Hyclone; GE Healthcare Life Sciences) in 25-cm 2 plastic culture flasks at 37˚C in a 5% CO 2 supplemented incubator. The culture medium was replaced every 3-4 days. The adherent cells were treated with trypsin (GE Healthcare Life Sciences) and expanded at 80-90% confluence. Cells at passages 3 and 4 were selected and used in the experiments. The present study was approved by the ethics committee of Huazhong University of Science and Technology (Wuhan, China) and the animals were treated according to the Guide for the Care and Use of Laboratory Animals.
Transwell co-culture system. A 12-well Transwell insert system (pore size, 0.4 µm; Corning Incorporated, Corning, NY, USA) was used to prevent direct contact between the cells. A-10 VSMCs (American Type Culture Collection, Manassas, VA, USA) were seeded in the lower layers of the Transwell plates at 10 6 cells/well, while, MSCs were seeded in the upper layers of the Transwell plates at a ratio of 1:1. All cells were incubated at 37˚C in 5% CO 2 with the normal experimental medium (NEM), which contained high glucose DMEM (GE Healthcare Life Sciences) supplemented with 2% FBS, 100 U/ml penicillin and 100 U/ml streptomycin. Calcified SMCs were induced using osteogenic medium (OS), which contained NEM supplemented with 0.1 µM dexamethasone (Sigma-Aldrich, St. Louis, MO, USA), 10 mM sodium β-glycerol-phosphate (Sigma-Aldrich) and 0.05 mM ascorbic acid-2-phosphate (Sigma-Aldrich). Cells were divided into four groups as follows: SMC group (VSMCs cultured with NEM); SMC + OS group (VSMCs cultured with OS); SMC + MSC group (co-culture group cultured with NEM); and SMC + MSC + OS group (co-culture group cultured with OS). In addition, all cells were incubated at 37˚C in a 5% CO 2 supplemented incubator. After 14 days, cells from the four groups were harvested from the lower layers and underwent calcium quantitative testing, alkaline phosphatase (AKP) activity assay, reverse transcription-quantitative polymerase chain reaction (RT-qPCR) and western blot analysis.
Identification of MSCs.
MSCs at passage 3 were collected and washed twice with phosphate-buffered saline (PBS). The cell suspensions were respectively incubated with antibodies (eBioScience, Inc., San Diego, CA, USA) against cluster of differentiation (CD)29, CD90 and CD45 in 4˚C, in the dark for 30 min. The fluorescence intensity of the cells was measured by flow cytometry (BD Biosciences, Franklin Lakes, NJ, USA) and the results were analyzed by BD CellQuest™ Pro software (version 5.1; BD Biosciences).
Von Kossa staining. After cells in the SMC and SMC + OS groups were incubated for 14 days, VSMCs in the lower layers of the Transwell plates were used for von Kossa staining to observe the mineral deposits. The VSMCs were gently washed three times with PBS and fixed in 4% paraformaldehyde (Wuhan Boster Biological Technology Ltd., Wuhan, China) for 30 min at 4˚C. Double-distilled water (ddH 2 O) was subsequently used for diluting the paraformaldehyde and rinsing (three times) between each step. The cells were exposed under ultraviolet light for 45 min subsequent to staining with 5% silver nitrate (Sigma-Aldrich) and immersed in 5% sodium thiosulfate (Sigma-Aldrich) for 10 min to remove unreduced silver. Following rinsing, cells were stained with 1% neutral red (Sigma-Aldrich) for another 5 min. Following washing with ddH 2 O, the plates were dried for observation under a microscope.
AKP activity assay. VSMCs from each of the four groups were harvested in cell lysis buffer (Amresco, Solon, OH, USA) following rinsing with PBS. BCA protein assay kit (Shanghai Biyuntian Biotechnology, Co., Ltd., Shanghai, China) was used to evaluate the total cellular protein. The activity of intracellular AKP was analyzed using an AKP assay kit (Nanjing Jiancheng Bioengineering Research Institute, Nanjing, China), according to the manufacturer's protocols. All samples were measured by an automatic plate reader (Bio-Rad Laboratories, Inc., Hercules, CA, USA).
Calcium content analysis. The calcium content of each of the four groups was analyzed by calcium colorimetric assay kit (Nanjing Jiancheng Bioengineering Research Institute), which utilizes the chromogenic composite between calcium and o-cresolphthalein. The assay was performed following the manufacturer's protocols and all samples were analyzed by an atomic absorption spectrophotometer (Agilent Technologies, Inc., Santa Clara, CA, USA).
RT-qPCR.
Total RNA from the above-mentioned four groups was isolated using TRIzol (Invitrogen; Thermo Fisher Scientific, Inc.), according to the manufacturer's protocols. The RNA was reverse transcribed into cDNA with the cDNA Syntheses kit (Invitrogen; Thermo Fisher Scientific, Inc.). RT-qPCR was conducted using an ABI PRISM 7900 sequence detector system (Applied Biosystems; Thermo Fisher Scientific, Inc.), according to the manufacturer's protocols. β-actin served as an endogenous control. PCR reactions were performed using SYBR Green/Fluorescein qPCR Master mix (2X; Thermo Fisher Scientific, Inc.), cDNA and primers. The expression level of the specific gene (the quantity of the target normalized to the endogenous control gene) was calculated using the comparative Cq method, 2 -ΔΔCq . The primer sequences for RT-qPCR were as follows: Sense, 5'-CAA CAG CCG CTT CAA CTCC-3' and antisense, 5'-TGA CAT AGC AGC ACC AGTGA-3' for rat Wnt5a; sense, 5'-ACA ATT TTC AGG ATG ACG ACCA-3' and antisense, 5'-GTG ATT CGG TTT TCA ATC TCCC-3' for rat Ror2; sense, 5'-AAC ACT CAG ATG CTG TAG CCA-3' and antisense, 5'-TCT TGC TTA AAG TCA TCC GTT-3' for rat β-catenin; sense, 5'-GCT GTT CTA TTC CGA ATG TCT-3' and antisense, 5'-CAC CAA TGT CCA GTC CGAGA-3' for rat OPN; sense, 5'-ACA GTT TGC CTG GGA CCAAA-3' and antisense, 5'-CGT TGC ACA CTG CTT TCACA-3' for rat OPG; and sense, 5'-CAC GAT GGA GGG GCC GGA CTC ATC-3' and antisense, 5'-TAA AGA CCT CTA TGC CAA CAC AGT-3' for β-actin.
Western blot analysis. Cells from each of the four groups were lysed with a buffer comprising 50 mM Tris, 5 mM EDTA, 1 mM EDT, 1 mM ethylene glycol tetraacetic acid, 150 mM NaCl, 1% Triton X-100, 25 mM sodium pyrophosphate, 1 mM NaF, 1 mM β-glycerophosphate, 0.1 mM sodium orthovanadate, 1 mM phenylmethanesulfonyl fluoride, 2 µg/ml leupeptin and 10 µg/ml aprotinin (Amresco) for 20 min on ice. Total protein contents were measured with a BCA assay kit according to the manufacturer's protocols. The protein lysate was separated on SDS-PAGE gels (Amresco) and electroblotted onto polyvinylidene difluoride membranes (EMD Millipore, Billerica, MA, USA). Following blocking with 5% non-fat dried milk in Tris-buffered saline (TBS) and TBS and Tween-20 (TBST) buffer, the membrane was incubated overnight at 4˚C with primary antibodies as follows: Rabbit polyclonal anti-Wnt5a (1:10,000; cat. no. ab72583; Abcam, Cambridge, MA, USA), rabbit polyclonal anti-Ror2 (1:500, cat. no. YT4165; ImmunoWay Biotechnology, Co., Newark, DE, USA), rabbit polyclonal anti-β-catenin (1:1,000; cat. no. 9562; Cell Signaling Technology, Inc., Danvers, MA, USA) and mouse polyclonal anti-β-actin (cat. no. KM9001; 1:8,000; Sanjian, Tianjin, China) The membrane was washed four times with TBST, and further incubated with horseradish peroxidase (HRP)-conjugated goat anti-mouse (cat. no. ab20043; 1:10,000; Abcam) and goat anti-rabbit (cat. no. ab97051; 1:5,000; Abcam) secondary antibodies. Following four washes with TBST, the immunoblots were visualized using the chemiluminescence detection system (Bio-Rad Laboratories, Inc.). The protein loading was normalized by re-incubating the same membrane with anti-β-actin (cat. no. KM9001; Sanjian, Tianjin, China) at a dilution of 1:10,000.
Statistical analysis. Data were analyzed using SPSS software (version 17.0; SPSS, Inc., Chicago, IL, USA). Results are presented as the mean ± standard error of the mean and P<0.05 was considered to indicate a statistically significant difference.
Results

MSC characteristics.
MSCs at passage 3 were analyzed by flow cytometry. The results indicate that the MSCs were positive for CD29 (97.9%) and CD90 (98.71%), and negative for CD45 (7.16%); thus these cells demonstrated expression levels characteristic of MSCs (Fig. 1) .
Von Kossa staining for VSMCs. Von Kossa staining was used to evaluate whether VSMCs transformed into osteogenic cells (Fig. 2) . Black calcified nodules were observed microscopically in the VSMCs cultured with OS. However, no mineral deposits were observed in the control group incubated with NEM (Fig. 2) . This indicated that the OS induced VSMCs to differentiate into the osteogenic phenotype.
AKP activity and calcium content of VSMCs. The AKP activity and calcium content in VSMCs were determined to estimate the progression of calcification. The results demonstrate that following culture for 14 days, AKP activity and calcium content were significantly increased in the SMC + OS and SMC + MSC + OS groups compared with the SMC group (P<0.001), and reached the highest levels in the SMC + OS group (P<0.001). Furthermore, the expression levels of osteogenic markers were significantly decreased in the SMC + MSC + OS group compared with the SMC + OS group (P<0.001). No change in AKP activity or calcium content was observed between cells in the SMC and the SMC + MSC groups (Fig. 3A and B) .
Indirect contact between SMCs and
MSCs reduces the mRNA levels of OPG and OPN. mRNA expression levels of OPG and OPN were evaluated and negative expression was observed in the normal VSMCs by RT-qPCR (3, 4) . Expression levels were significantly increased in the SMC + OS group compared with the SMC group (P<0.01), indicating that the VSMCs have a potential to trans-differentiate into osteoblast-like cells in the presence of OS. Furthermore, compared with the SMC + OS group, the expression levels of OPG and OPN were significantly reduced in the SMC + MSC + OS group (P<0.01; Fig. 4 ).
Wnt signaling pathways are downregulated when SMCs indirectly interacted with MSCs.
The mRNA and protein expression levels of Wnt5a, Ror2 and β-catenin, which are known to modulate osteogenic differentiation, were evaluated by RT-qPCR and western blot analysis. Comprehensive analysis of the results indicated that compared with the SMC group, Wnt5a, Ror2 and β-catenin expression levels were significantly upregulated in the SMC + OS group (P<0.001), demonstrating that the Wnt signals were activated by OS. Furthermore, the expression levels of Wnt5a, Ror2 and β-catenin were downregulated in the SMC + MSC + OS group compared with the SMC + OS groups (P<0.001), indicating that the Wnt signaling pathways were downregulated when direct interaction with MSCs induced VSMC osteogenic differentiation (Fig. 5) . 
Discussion
Previous studies have reported that MSCs may be cell therapy candidates for vascular regeneration and angiogenesis due to their capacity to directly migrate to sites of injury, differentiate into residential cell lineages, and secrete biochemical factors for immunomodulation and paracrine action (7-9,12). The current study analyzes the anti-inflammatory, immunomodulatory and paracrine properties of MSCs on the process of VC. In order to eliminate direct mechanical stimulation, a cell-cell indirect co-culture system was constructed in vitro.
Results from the present study indicate that indirect contact with MSCs inhibits VC. Furthermore, the expression levels of OPG and OPN mRNA were reduced and the Wnt signaling pathways involved were downregulated during VC. The present study demonstrates that VSMCs trans-differentiate into osteoblast-like cells following OS induction, and promote the development of VC, which was indicated by von Kossa staining, AKP activity and calcium content. However, the severity of calcification was controlled by indirect contact with MSCs. It is now widely accepted that MSCs isolated from bone marrow possess marked therapeutic potential for tissue repair and wound healing via cell transplantation or indirect mechanical stimulation (22) (23) (24) (25) . However, there is a limited number of studies that focus on the effects of MSCs in the treatment of VC. A recent study (26) demonstrated that MSCs are involved in VC as they are directed to the vascular lesions where they undergo osteogenic differentiation. Kramann et al (27) implanted bone marrow-derived MSCs intraperitoneally into two rat models of CKD with VC and demonstrated that MSCs underwent osteogenic differentiation, which contributed to VC. Wang et al (28) demonstrated that transforming growth factor-β released from injured aortas recruited MSCs into the aortic lesions, and contributed to the development of VC in a low-density lipoprotein receptor-deficient mouse model that was fed a high-fat Western diet. A previous study demonstrated that MSCs trans-differentiate into osteoblast-like cells depending on the number of MSCs in direct contact with calcified VSMCs (11) . Data from the above-mentioned studies indicate that MSCs promote the development of VC, when MSCs are recruited into injured lesions, via an underlying osteogenic differentiation mechanism. However, the results presented here demonstrate that MSCs exhibit therapeutic potential for treatment of VC via reducing AKP activity and calcium content in VSMCs. It is possible that the cell-cell indirect co-culture system may determine the effects of MSCs in VC. These results indicate that MSC-induced paracrine and immunomodulatory effects are pivotal underlying mechanisms for VC therapeutic strategies.
Bone-associated biomarkers in VSMCs, such as OPG and OPN, can be secreted by VSMCs that undergo osteogenic differentiation (3, 4) . The present study evaluated the mRNA expression levels of these biomarkers. OPG is a soluble member of the tumor necrosis factor receptor family (5) , and previous studies have demonstrated that increased OPG levels are associated with VC and mortality in CKD patients (29, 30) . OPN is a glycoprotein, which is expressed in calcified vessels (3, 4, 6) and clinical trials have indicated that OPN is an effective prognostic biomarker of coronary calcification (6) . Furthermore, OPG and OPN levels are correlated with the severity of vascular mineralization (6, 29) . In the current study, the expression levels of OPG and OPN mRNA were observed to be significantly increased in the SMC + OS group compared with the SMC group (P<0.01). By contrast, following indirect interaction with MSCs, the levels of OPG and OPN were significantly reduced (P<0.01), indicating that the extent of calcification may be increased by an underlying mechanism promoting VSMC osteogenic differentiation, and modulating OPG and OPN mRNA expression levels. Indirect contact with MSCs may prevent calcification with MSC-induced paracrine and immunomodulatory effects, as well as decreased expression levels of OPG and OPN mRNA.
The effects of MSCs on the expression of Wnt-family members, which are known to modulate the osteogenic differentiation, were also evaluated. Numerous studies have demonstrated that the Wnt signaling pathway is key in the differentiation of osteoblasts (15, 16, 31) . Canonical and noncanonical signaling pathways interact and crosstalk by binding to unrelated receptors or co-receptors (15, 16) . It is well known that the β-catenin-dependent signaling pathway regulates osteogenic transdifferentiation and promotes vascular calcification (15, 16, 32) . By contrast, there is limited evidence that is associated with osteogenic differentiation. Bolzoni et al (33) demonstrated that the osteogenic differentiation of human MSCs (hMSCs) increased the expression level of Ror2 and that activation of the noncanonical Wnt5a signaling pathway also increases hMSC osteogenic differentiation. Huh et al (34) reported that arginine promotes osteogenesis in hMSCs, and increases the expression of Wnt5a via Wnt and nuclear factor of activated T-cells signaling. Liu et al (17) and Billiard et al (18) indicated that Ror2 is a modulator of osteogenesis and that increased levels of Ror2 in hMSCs may promote formation of mineralization in the extracellular matrix.
In the present study, canonical and noncanonical signaling pathways were demonstrated to be involved in the process of VC. The expression levels of β-catenin, Wnt5a and Ror2 are undetectable in normal VSMCs, but increase as VSMCs differentiate into the osteogenic phenotype (11, 32, 33) . The present study demonstrated that the Wnt5a/Ror2 signaling pathway inhibits Wnt/β-catenin signaling in vitro. However, a previous study indicated a dual signaling capacity for Wnt5a in regulating Wnt/β-catenin signaling (19) . Wnt5a either inhibits or activates the Wnt/β-catenin signaling pathway depending on its expression level and/or the receptors it is bound to. In addition, previous studies have demonstrated that Ror2 is able to bind to Wnt5a, as well as to canonical Wnt signals and mediate the action of β-catenin (18, 35) . To the best of our knowledge, there is no direct evidence that demonstrates the underlying mechanisms of crosstalk between Wnt5a, Ror2 and β-catenin; however, Ror2 is notably associated with VC. In addition, the current study demonstrates that MSCs have the capacity to downregulate Wnt5a, Ror2, and β-catenin expression in vitro by increasing their immunomodulatory and paracrine capacities. Thus, during the VC phase, MSCs produce factors that contribute to the prevention of the process of VC and downregulate canonical and noncanonical Wnt ligands.
In conclusion, the results of the present study demonstrate that VSMCs trans-differentiate into osteoblast-like cells by promoting the expression of Wnt5a, Ror2 and β-catenin. In addition, the immunomodulatory and paracrine capacities of MSCs may be associated with the prevention of VSMC osteogenic differentiation and the inhibition of VC via modulating bone-associated biomarkers and downregulating Wnt signaling pathways. This is notable for the development of stem cell-based therapeutic strategies for VC. Further studies are required that focus on determining which local mechanisms or biochemical factors maximize the inhibition of VC by MSCs. Furthermore, the crosstalk between Wnt5a, β-catenin, and Ror2 signals and the key molecular mechanisms that regulate them, remain to be elucidated.
